The liver-enriched transcription factor Forkhead Box A2 (FOXA2) has been reported to be involved in bile acid homeostasis and bile duct development. However, the role of FOXA2 in liver fibrogenesis remains undefined. In this study, we found that the abundance of FOXA2 was significantly lower in fibrotic livers of patients and mice treated with CCl 4 than in controls. Interestingly, the expression level of FOXA2 decreased in hepatocytes, whereas FOXA2 was elevated in hepatic stellate cells (HSCs) of mouse fibrotic livers. Hepatocyte-specific ablation of FOXA2 in adult mice exacerbated liver fibrosis induced by CCl 4 . Either lentivirus LV-CMV-FOXA2 mediated FOXA2 overexpression in the liver or adenoassociated virus AAV8-TBG-FOXA2-mediated hepatocyte-specific upregulation of FOXA2 alleviated hepatic fibrosis. Overexpression of FOXA2 in HSCs did not obviously affect hepatic fibrogenesis. Additionally, FOXA2 knockout in hepatocytes resulted in aberrant transcription of metabolic genes. Furthermore, hepatocyte-specific knockout of FOXA2 enhanced endoplasmic reticulum stress (ER stress) and the apoptosis of hepatocytes, whereas FOXA2 overexpression in hepatocytes suppressed ER stress and hepatocyte apoptosis in mouse fibrotic livers. In conclusion, our findings suggested that FOXA2-mediated hepatocyte protection has a therapeutic role in hepatic fibrosis, and thus may be a new, promising anti-fibrotic option for treating chronic liver diseases.
Various chronic liver injuries induced by persistent infections, alcohol abuse, chemical insults, and metabolic or autoimmune reactions can give rise to fibrosis, cirrhosis, liver failure and even tumour formation [1] [2] [3] . Hepatic fibrosis is an early stage of cirrhosis that is a result of pathological deposition of extracellular matrix (ECM) in the liver. It has been well documented that the activation of hepatic stellate cells (HSCs) is the key event in hepatic fibrogenesis 4 . Stimulation of chronic injury may lead to perpetuation and acceleration of HSC activation with increased ECM synthesis and impaired ECM degradation (fibrolysis), thus resulting in the disruption of the normal liver architecture and ultimately in cirrhosis 3 . Therefore, activated HSCs have become an attractive target for antifibrotic therapy in the past few decades. However, recent studies have indicated that HSCs also play a critical role in the process of liver development and regeneration 5 . A variety of mitogenic factors produced by HSCs promote liver regeneration by affecting hepatocytes, progenitor cells or bone marrow-derived mesenchymal stem cells (MSCs) 6, 7 . In addition, HSCs play a potential role in liver regeneration through transdifferentiation into liver progenitor cells 8 . Thus, anti-fibrosis therapy targeted to HSCs may affect liver regeneration. Mammalian hepatocyte nuclear factors (HNFs), including HNF1, HNF3, HNF4, HNF6 and CCAAT/ enhancer-binding proteins, form a transcriptional network controlling hepatocyte differentiation and function during embryonic development and liver homeostasis in adults 9 . Our previous studies have demonstrated that forced expression of either HNF1α or HNF4α alleviates hepatic fibrosis by protecting hepatocytes against damage or inhibiting epithelial-mesenchymal transition (EMT) in hepatocytes 10, 11 . Remarkably, reprogramming the transcription factor network in hepatocytes by HNF4α reverses dysfunctional hepatocytes and hepatic failure 12 . Together, these data suggest that HNFs may be potential therapeutic targets for treating liver fibrosis.
Forkhead box A2 (FOXA2), also known as HNF3β, is one of the transcriptional regulators of the HNF3 family 13 . FOXA2 cooperates with FOXA1 (also known as HNF3α) to establish competence in the foregut endoderm and is required for the initiation of liver development 14 . Both FOXA1 and FOXA2 are positive regulators of bile duct development in mice 15 . In the adult liver, FOXA2 is critical for glucose and lipid homeostasis 16, 17 . The quantity of FOXA2 appears to steadily decline in liver injury with various aetiologies 18 . Deletion of FOXA2 in the liver at late gestation leads to decreased transcription of genes encoding bile acid transporters and conjugation enzymes, thus disturbing bile acid homeostasis, endoplasmic reticulum (ER) stress and liver injury 19 . In addition, one recent study has demonstrated that FOXA2 mediates the therapeutic effects of biliary-committed progenitor cells during cholestatic liver injury 20 . More importantly, FOXA1 and FOXA2 have been found to be essential for sexual dimorphic hepatocellular carcinoma (HCC) in mice 21 . Our recent study has revealed an inhibitory effect of FOXA2 in the metastasis of hepatocellular carcinoma 22 . However, there is no direct evidence showing a relationship between FOXA2 and liver fibrosis.
In this study, we generated mutant mice in which FOXA2 was specifically deleted in hepatocytes and demonstrated that FOXA2 knockout in hepatocytes exacerbated liver fibrosis induced by CCl 4 . Additionally, by using three distinct viruses to deliver the expression of FOXA2 into the liver, we found that FOXA2 attenuated liver fibrosis by protecting hepatocytes from endoplasmic reticulum stress (ER stress) and apoptosis.
Results

FOXA2 expression is downregulated after hepatic fibrogenesis.
To explore the role of FOXA2 in hepatic fibrosis, we first examined FOXA2 expression levels in the livers of 8 human controls and 30 patients with liver fibrosis or cirrhosis by using RT-PCR. The results revealed that FOXA2 was significantly downregulated in fibrotic livers compared with controls (Fig. 1a) . Immunohistochemistry indicated only faint staining of FOXA2 in the nuclei of cells in human fibrotic livers, whereas FOXA2 was clearly present in the nuclei of controls (Fig. 1b) . We then evaluated the expression of FOXA2 in mouse fibrotic livers. Male C57/B6 mice were injected intraperitoneally with CCl 4 biweekly for 5 weeks to establish a hepatic fibrosis mouse model. Along with these fibrotic changes, staining with H&E and Sirius red confirmed collagen accumulation, a characteristic of liver fibrosis (Fig. 1c) . As expected, FOXA2 also significantly declined in mouse livers during the progression of hepatic fibrosis (Fig. 1c,d and e), a result consistent with alterations in humans. Together, these findings indicated that progressive liver fibrosis is associated with decreased FOXA2 expression.
FOXA2 expression is downregulated in hepatocytes and upregulated in activated HSCs during liver fibrogenesis. Immunohistochemistry revealed that both hepatocytes and non-parenchymal cells expressed FOXA2 in normal mouse livers (Fig. 2a) . Interestingly, immunofluorescence staining revealed that FOXA2 expression was decreased in hepatocytes and increased in activated HSCs during liver fibrogenesis (Fig. 2b) . Furthermore, the levels of FOXA2 mRNA and protein in primary hepatocytes isolated from fibrotic mice were also markedly decreased ( Fig. 2c and d) . In contrast, compared with the quiescent HSCs from normal livers, the activated HSCs isolated from fibrotic livers expressed a dramatically higher level of FOXA2 ( Fig. 2e and f) . Collectively, these data indicated that FOXA2 may play distinct biological roles in hepatocytes and HSCs during hepatic fibrosis.
Deletion of FOXA2 in hepatocytes aggravates hepatic fibrosis.
To examine the function of FOXA2 in hepatocytes after liver fibrogenesis, hepatocyte-specific FOXA2-deficient (FOXA2 H-KO ) mice were created by using Cre-loxP-based recombination. Replication-incompetent AAV8-TBG-Cre virus for Cre expression under the control of hepatocyte-specific thyroid-binding globulin (TBG) promoter was used for hepatocyte-specific expression of Cre recombinase 23 . Adult FOXA2 f/f mice were injected with AAV8-TBG-Cre to knock out FOXA2 specifically in hepatocytes (Fig. 3a) . Real-time PCR analysis revealed that FOXA2 expression was eliminated in hepatocytes but retained in non-parenchymal cells (duct cells, HSCs and endothelial cells, etc.) in the livers of FOXA2 H-KO mice (Fig. 3b) ; this finding was further confirmed by immunohistochemistry (Fig. 3c) . The liver fibrosis was induced by a 4-week treatment of CCl 4 (Fig. 3a) . The liver weight is significantly decreased in the FOXA2 H-KO fibrotic mice compared with the FOXA2 f/f fibrotic mice ( Supplementary Fig. 1a ). As shown in Fig. 3d , the fibrotic livers of FOXA2 H-KO mice had more ECM deposition than the livers treated with control virus. FOXA2
H-KO increased the ECM area by 75.32% in the fibrotic model compared with that in controls (P < 0.01) (Fig. 3d) . Meanwhile, the FOXA2 H-KO group had much higher hydroxyproline content compared with the control group (185.52 ± 24.87 μg/mg vs 126.63 ± 17.92 μg/mg, P < 0.01) (Fig. 3e) . In addition, the α-SMA level was increased by FOXA2 deletion, suggesting that the activation of HSCs was enhanced (Fig. 3d) . Similarly, the mRNA levels of the fibrotic markers Acta2 (encoding α-SMA) and Col1a1 (encoding a1 (I) collagen) were notably upregulated in the fibrotic livers of FOXA2 H-KO mice (Fig. 3f) ; this finding coincided with the high protein expression of the fibrotic genes shown in the western blot (Fig. 3g) . Together, these data indicated that hepatocyte-specific excision of FOXA2 promotes liver fibrosis in mice.
FOXA2 overexpression in the liver mitigates hepatic fibrosis. Because deletion of FOXA2 in hepatocytes exacerbates the development of hepatic fibrosis, we wondered how FOXA2 upregulation might affect liver fibrosis. Lentivirus for FOXA2 expression under the control of the CMV promoter, LV-CMV-FOXA2, was used to upregulate the expression of FOXA2 in the liver (Fig. 4a) . As expected, both hepatocytes and HSCs exhibited significantly higher FOXA2 expression after FOXA2 delivery (Fig. 4b) . In addition, a single dose of LV-CMV-FOXA2 injection dramatically enhanced FOXA2 expression in the fibrotic livers and increased the liver weight of the mice with 5-week CCl 4 treatment (Fig. 4c-e and Supplementary Fig. 1b) . Intriguingly, LV-CMV-FOXA2 administration inhibited the development of hepatic fibrosis, as confirmed by H&E and Sirius red staining (Fig. 4c) . Quantification indicated that the Sirius red-positive area was significantly lower (by 65.32%) in the fibrotic livers of the mice with LV-CMV-FOXA2 delivery than that in the livers of the control virus group (P < 0.01) (Fig. 4c) . Furthermore, a quantitative analysis indicated that, compared with hydroxyproline in the livers of the controls (376.81 ± 43.37 μg/mg), hydroxyproline in livers receiving LV-CMV-FOXA2 (249.93 ± 38.40 μg/mg, P < 0.01) was significantly lower (Fig. 4f ). The accumulation of Acta2 and Col1a1 in fibrotic livers was also suppressed by FOXA2 overexpression (Fig. 4c-e) .
Hepatocyte-specific overexpression of FOXA2 alleviates liver fibrosis. To further explore the effects of hepatocyte expression of FOXA2 on fibrosis, a single dose of AAV8-TBG-FOXA2 or the control virus The mRNA levels (f) and the protein levels (g) of FOXA2, Col1a1 and Acta2 in the livers were assessed by real-time PCR and western blotting (n = 6 mice in each group). *P < 0.05, **P < 0.01, ***P < 0.001. The expression levels of FOXA2 and α-SMA in the fibrotic livers were assessed by immunohistochemistry. Enhanced FOXA2 expression was located in hepatocytes (black arrow) and nonparenchymal cells (red arrow) in the liver injected with LV-CMV-FOXA2. H&E and Sirius red staining were used to examine the pathological alterations and collagen deposition. Semi-quantitative analysis of Sirius red staining in the fibrotic livers after FOXA2 gene delivery was compared with that in controls (right). Scale bars, 50 μm. (d,e) The mRNA levels (d) and the protein levels (e) of FOXA2, fibrogenic markers (Acta2 and Col1a1) in the fibrotic livers were detected by real-time PCR and western blotting, respectively. (f) The hydroxyproline content in mouse livers from each group (n = 6 mice in each group). *P < 0.05, **P < 0.01, ***P < 0.001. The protein levels (f) and the mRNA levels (g) of FOXA2 and fibrogenic genes (Col1a1 and Acta2) in mouse livers (n = 8-10 mice in each group). *P < 0.05, **P < 0.01, ***P < 0.001. (n = 4 mice in per biological group). *P < 0.05, **P < 0.01, ***P < 0.001. Apoa2, Apoe and Apoc3, apolipoproteins A2, E and C3; Gys2, glycogen synthase 2; Gck, glucokinase; Asns, asparagine synthetase; G6pc, glucose-6-phosphatase(catalytic); PEPCK, phosphoenolpyruvate carboxykinase; A1at, α1-antitrypsin; Gs, glutamate-ammonia ligase; Tdo2, tryptophan 2,3-dioxygenase; F7, coagulation factor VII; Trf, transferrin; Cyp1a1/2e1, cytochrome P450 1a1/2e1; Otc, ornithine transcarbamylase; Ppara, peroxisome proliferator activated receptor alpha. (Fig. 5a ). Immunofluorescence and immunohistochemistry revealed more pronounced FOXA2 staining in hepatocytes in the mice treated with AAV8-TBG-FOXA2 (Fig. 5b and c) . In addition, hepatocyte-specific upregulation of FOXA2 in the livers resulted in lower ECM deposition (by 45.94%) than that in the livers of control mice ( Fig. 5c and d) . Moreover, FOXA2 delivery to hepatocytes also resulted in lower hydroxyproline in the livers (354.14 ± 141.90 μg/mg) vs. controls (547.80 ± 78.37 μg/mg, P < 0.05) (Fig. 5e) . Moreover, the levels of pro-fibrotic markers (α-SMA and Col1a1) were significantly lower in the fibrotic livers from the mice treated with AAV8-TBG-FOXA2 than the livers from their control counterparts ( Fig. 5f and g ). In addition, compared to controls, overexpression FOXA2 in hepatocytes also increased liver weight ( Supplementary Fig. 1c ). These findings indicated that upregulation of FOXA2 in hepatocytes significantly relieves hepatic fibrosis.
Pre-overexpression of FOXA2 in HSCs plays an insignificant role in liver fibrosis. It is well known that HSCs are the primary effector cells that orchestrate the deposition of ECM in fibrotic livers 1, 24 . To explore the role of FOXA2 in HSCs of fibrotic livers, the lentivirus LVX-GFAP-FOXA2 was used to specifically deliver FOXA2 expression under control of the glial fibrillary acidic protein (GFAP) promoter in HSCs. A single dose of LVX-GFAP-FOXA2 or the control virus LVX-GFAP was injected into the mice before CCl 4 treatment (Fig. 6a) . Real-time PCR analysis indicated that FOXA2 expression was enhanced by approximately 3.7 times in HSCs isolated from mice treated with LVX-GFAP-FOXA2 compared with the control mice. No alteration in primary hepatocytes from the two groups was observed (Fig. 6b) . After a 5-week CCl 4 treatment, double immunofluorescence staining also showed intensive expression of FOXA2 located in the activated HSCs of the mice injected with LVX-GFAP-FOXA2 (Fig. 6c) . However, both immunofluorescence and immunohistochemical staining showed that LVX-GFAP-FOXA2 did not alter staining of α-SMA in fibrous areas ( Fig. 6c and d) . Similarly, comparisons between the control group and GFAP-FOXA2 group did not indicate notable differences in ECM deposition ( Fig. 6d and e) and hydroxyproline in the livers (516.79 ± 73.94 μg/mg vs 486.66 ± 25.77 μg/mg, P > 0.05) (Fig. 6f) . Additionally, there was no obvious difference in the expression of Col1a1 and α-SMA between the two groups ( Fig. 6g and h ). These data demonstrated that FOXA2 upregulation in HSCs has no obvious effect on the pathogenic development of liver fibrosis.
FOXA2 modulates ER stress in liver fibrosis.
Previous studies have demonstrated that FOXA2 plays a vital part in regulating metabolic genes in the liver 16, 25 . We performed a high-throughput RNA-sequence analysis of hepatocyte mRNA from FOXA2 f/f and FOXA2 H-KO fibrotic mice. Setting the significance of a false discovery rate (FDR) at 5% and a fold-change cut-off at 2, we identified 544 differentially expressed genes between control and FOXA2 H-KO fibrotic mice (Fig. 7a) . Functional classification and pathway assignment were performed in differentially expressed genes by using the Kyoto Encyclopedia of Genes and Genomes (KEGG). A total of 18 top KEGG pathways associated with metabolism were found in this study (Fig. 7b) . We next investigated the expression of liver-specific genes involved in glucose, lipid, amino acid, xenobiotic, and drug metabolism in hepatocyte-specific mutant mice. Interestingly, expression of liver metabolic genes in hepatocytes derived from untreated FOXA2 H-KO mice showed no obvious differences relative to metabolic gene expression in FOXA2 f/f mice ( Supplementary Fig. 2b ). However, CCl 4 administration altered the levels of these genes in hepatocytes of FOXA2 f/f mice. Importantly, hepatocytes from FOXA2 H-KO mice treated with CCl 4 displayed severely lower expression of hepatic function genes, including apolipoprotein A2 (Apoa2), apolipoprotein E (Apoe), glycogen synthase 2 (Gys2), glucokinase (Gck), coagulation factor VII (F7), transferrin (Trf), cytochrome P450 1a1 and 2e1 (Cyp1a1 and Cyp2e1) (Fig. 7c) .
The corelation between metabolism and ER stress has been characterized in several studies 26, 27 . In addition, a previous study has also indicated that liver-specific ablation of FOXA2 results in ER stress 19 . Additionally, ER stress has been recognized as being involved in chronic liver disease 28, 29 . Therefore, we examined the expression of a molecular marker (CHOP/Gadd153) of ER stress. The protein levels of CHOP showed no significant changes in the livers between FOXA2 H-KO and FOXA2 f/f mice ( Supplementary Fig. 2c ). However, immunohistochemistry showed that CHOP expression was slightly elevated in fibrotic livers and further aggravated in hepatocytes with FOXA2 depletion in the mice after CCl 4 treatment. Distinctly higher CHOP staining was observed in the lobular areas of FOXA2 H-KO fibrotic livers (Fig. 7d) . The level of CHOP-positive cells in the liver was 5.02-fold higher in CCl 4 -treated FOXA2
H-KO mice compared with their control fibrotic littermates (Fig. 7e) . In addition, an immunoblot confirmed higher CHOP protein expressed in FOXA2 H-KO fibrotic livers relative to the controls ( Fig. 7f  and Supplementary Fig. 3a) , whereas elevation of FOXA2 specifically in hepatocytes significantly repressed the ER stress effect (Fig. 7g and Supplementary Fig. 4a ).
FOXA2 prevents hepatocyte apoptosis in fibrotic livers.
It is known that prolonged ER stress triggers apoptotic cascades 30, 31 . Previous studies have also indicated that FOXA2 is closely associated with hepatic apoptosis 32 . We then measured hepatic apoptosis by using TUNEL assays. More pronounced TUNEL-positive hepatocytes were scattered in the liver lobules of FOXA2 H-KO fibrotic mice compared with control fibrotic littermates (Fig. 8a) , whereas no spontaneous apoptosis of hepatocytes was detected in FOXA2 H-KO mice without CCl 4 treatment (Supplementary Fig. 2d ). To further investigate the signal components of potential apoptotic pathways, the levels of Bax and cleaved caspase 3 were measured. Both were significantly higher in FOXA2 H-KO fibrotic livers relative to control livers (Fig. 8b,c and Supplementary Fig. 3b ). In addition, the occurrence of apoptosis in FOXA2
H-KO fibrotic livers was confirmed by activated caspase 3 staining. Cleaved caspase 3 mostly located in hepatocytes was markedly present at the periphery of the centrilobular areas of CCl 4 -treated FOXA2 H-KO mice (Fig. 8d) . The data suggested that FOXA2 deletion made hepatocytes more vulnerable to apoptosis during fibrogenesis. Moreover, induction of both Bax and cleaved caspase 3 was attenuated in fibrotic livers with FOXA2 overexpression in hepatocytes (Fig. 8e-g and Supplementary Fig. 4b ).
Discussion
It has been reported that mice lacking FOXA2 die in utero at embryonic days 10-11, owing to severe defects in the development of their cell organization 33 . Bochkis IM et al. have demonstrated that Alfp-cre-derived depletion of FOXA2 in both hepatocytes and cholangiocytes of the liver during late gestation disrupts bile acid homeostasis 19 . A recent study by McDaniel K et al. has reported that FOXA2 mediates the therapeutic effects of biliary-committed progenitor cells in cholestatic liver disease 20 . All these studies suggest a critical role of FOXA2 in bile duct development. Investigations of the functional role of FOXA2 in hepatocytes have been relatively rare. In this study, we generated a novel mouse model in which FOXA2 was conditionally ablated in mature hepatocytes in adult mice by using AAV8-TBG-Cre. The FOXA2 H-KO mice without injury exhibited no obvious alterations in histomorphology (Supplementary Fig. 2a ) and the expression levels of the liver-specific metabolic genes. This phenomenon may be explained by the compensatory effect of FOXA1 or other members of HNFs in hepatocytes in which most of the HNFs were highly enriched 34, 35 . However, the FOXA2 H-KO mice, compared with controls, showed significantly lower expression of hepatic function genes in hepatocytes and more severe fibrosis in livers treated with CCl 4 , thus suggesting that FOXA2 is indispensable for the maintenance of hepatocyte functions in diseased livers and that FOXA2
H-KO mice were more predisposed to fibrogenesis. Hepatocytes, the most abundant cells in the liver, make up 70-85% of the liver mass. The integrity of cellular function of hepatocytes plays a vital role in maintaining the internal homeostasis and regeneration of the liver 36 . In a wide range of hepatic diseases, hepatocytes are the targets of most hepatotoxic agents 37 . Hepatocyte apoptosis is dramatically elevated in patients with non-alcoholic steatohepatitis and alcoholic hepatitis, and the results correlate with hepatic injury and disease severity 38 . Apoptosis of damaged hepatocytes stimulates the fibrogenic actions of liver myofibroblasts 39 . Additionally, ample data indicate that persistent apoptosis of hepatocytes is an essential feature contributing to liver injury and progressive fibrosis [40] [41] [42] . In this study, we found that the expression of FOXA2 decreased in hepatocytes but increased in HSCs during liver fibrogenesis. Additionally, conditional deletion of FOXA2 in hepatocytes in adult mice exacerbated the apoptosis of hepatocyte and hepatic fibrogenesis induced by CCl 4 . Furthermore, overexpression of FOXA2 in either the liver or hepatocytes markedly alleviated hepatic apoptosis and liver fibrosis. However, upregulation of FOXA2 in HSCs did not affect the liver fibrogenesis induced by CCl 4 . Therefore, we concluded that FOXA2 inhibits hepatic fibrosis by protecting hepatocytes rather than inhibiting activated HSCs. These data support our previous proposal that restoration of hepatocyte function should be considered a priority for the treatment of liver fibrosis, especially with the upregulation of the HNF family in hepatocytes 10 . ER stress in hepatocyte injury and chronic liver diseases has received substantial attention in the past few years 29, 43 . Aberrant glucose or lipid metabolism can disrupt calcium homeostasis and induce ER stress in the liver 26, 27 . A study by Irina M. Bochkis and colleagues has revealed that impaired bile acid homeostasis in mice with liver-specific ablation of FOXA2 at late gestation results in ER stress 19 . In addition, prolonged ER stress may initiate apoptotic cascades and is known to play a predominant role in the pathogenesis of multiple diseases 30, 31 . In this study, we confirmed that FOXA2 regulates metabolic genes in hepatocytes during liver injury, in agreement with findings from previous studies 16, 25 . Additionally, we showed that loss of FOXA2 in hepatocytes increased CHOP abundance during hepatic fibrogenesis, whereas FOXA2 delivery in hepatocytes reversed the CHOP accumulation in fibrotic livers. On the basis of these findings, we propose that inhibition of ER stress is involved in FOXA2-mediated anti-fibrogenesis effect.
Research has demonstrated that activated HSCs are responsible for fibrogenesis in chronic liver diseases 4 . However, emerging evidence indicates that activated HSCs play an important role in liver development 5 . Although we found that the expression of FOXA2 was enhanced in activated HSCs during fibrogenesis, overexpression of FOXA2 in HSCs did not affect fibrosis. Thus, clarifying the effects of FOXA2 in HSCs in the future would expand understanding of liver diseases. On the other hand, it has been reported that FOXA2 affects bile duct development and biliary-committed progenitor cells in liver regeneration 15, 20 . In this study, we also examined whether FOXA2 expression in hepatocytes affects the bile duct reaction during liver fibrogenesis. However, manipulating the expression of FOXA2 in hepatocytes had no significant influence on the bile duct response in fibrotic livers induced by CCl 4 ( Supplementary Fig. 5a and b) . Therefore, it is of interest to investigate the effect of FOXA2 alteration in biliary cells on bile duct reaction and fibrosis. In addition, CCl 4 -derived reactive oxygen species (ROS) and free radicals in the liver mainly result in hepatocyte damage 44, 45 . Thus, the effects of FOXA2 expression on liver fibrosis induced by biliary injury also needs further investigation.
In summary, the present investigation demonstrated that FOXA2 plays an indispensable role in the maintenance of liver homeostasis in the fibrotic liver. Loss of FOXA2 in hepatocytes renders the liver more vulnerable to fibrogenesis. Overexpression of FOXA2 attenuates liver fibrosis by protecting hepatocytes from ER stress and apoptosis, thus suggesting that restoring hepatocyte integrity by FOXA2 has therapeutic potential for treating chronic liver diseases.
Materials and Methods
Human liver samples. Human liver tissues were obtained from the Liver Specimen Repository of the Eastern Hepatobiliary Surgery Hospital of the Second Military Medical University (Shanghai, China). The control liver specimens (n = 8) were obtained from healthy livers or patients with hepatic haemangioma. Fibrotic liver specimens (n = 30) were obtained from patients with hepatic fibrosis or cirrhosis. The specimens were collected at the time of liver surgery and immediately frozen in liquid nitrogen for real-time PCR. Adult liver sections were fixed in 10% neutral buffered formalin and paraffin embedded. Four-micron sections were obtained for immunohistochemical staining. Informed consent was obtained from all subjects. All experiments on human samples were carried out in strict accordance with the national guidelines and were authorized by the Scientific Investigation Board, Second Military Medical University.
Viruses. The adeno-associated virus vector pENN-AVV-TBG-PI-RBG containing the hepatocyte-specific thyroid-binding globulin (TBG) promoter was obtained from the Penn Vector Core (p1015-R). The complementary DNA of the Cre gene was cloned into pENN-AVV-TBG-PI-RBG between MluI and SalI sites. A replication-incompetent AAV8-TBG-Cre virus with Cre expression under the control of TBG promoter was packaged and purified by Biowit biotechnologies (Shenzhen, China). In addition, the human FOXA2 gene was inserted between the MluI and SalI sites of pENN-AVV-TBG-PI-RBG to generate the AAV8-TBG-FOXA2 virus for hepatocyte-specific overexpression of FOXA2.
For non-specific FOXA2 upregulation in the liver, the FOXA2 gene was cloned into the lentiviral vector pCDH-CMV-MCS-EF1-copGFP (System Biosciences) to generate the lentivirus LV-CMV-FOXA2. The CMV promoter of pLVX-IRES-ZsGreen1 (PT4064-5, Clontech) was replaced with the hGFAP promoter to establish the HSC-specific expression lentiviral vector pLVX-GFAP-IRES-ZsGreen1. The FOXA2 gene was cloned into the EcoRI and BamHI sites of pLVX-GFAP-IRES-ZsGreen1 to generate lentivirus LVX-GFAP-FOXA2 for specific overexpression of FOXA2 in HSCs. The lentiviral vectors were transfected into subconfluent HEK 293T cells along with the packaging plasmid psPAX2 (Addgene) and envelope plasmid pMD2.G (Addgene) by using Isolation of primary hepatocytes and HSCs. Primary mouse hepatocytes were isolated from adult male mice by using a modified version of a two-step collagenase perfusion protocol, as previously described in detail 46 . In brief, mice were anaesthetized, and a V incision was made to expose internal organs. The flushed livers were perfused with DMEM-free plus collagenase IV (1 mg/ml, sigma) following D-Hank's balanced salt solution including EDTA (0.5 mM). After perfusion, the livers were removed from the mice, and the digested hepatocytes were dispersed in DMEM-free and filtered through 80 and 200 mesh sieves to remove the undigested debris. The filtrates were centrifuged at 300 rpm for 5 minutes at 4 °C. The hepatocytes in the precipitate were washed with DMEM-free 3 times and harvested for subsequent analysis.
The protocol for primary mouse HSC isolation was similar to the methods mentioned above. The flushed livers were perfused with DMEM-free containing collagenase IV (1 mg/ml) and pronase (2 mg/ml, Roche) following D-Hank's balanced salt solution including EDTA (0.5 mM). After perfusion, the livers were removed, and the digested hepatic cells were dispersed in DMEM-free. Next, DNA enzymes were added to prevent filamentous gelatinous material, and the undigested debris was removed through a filter. The filtrates were centrifuged at 300 rpm in a centrifuge tube for 5 minutes at 4 °C. The supernatant was collected following gradient centrifugation with 25% Nycodenz (Sigma) to isolate primary HSCs. Cells were washed and plated on 60-mm-diameter tissue culture dishes. After 4 h of incubation at 37 °C, the adherent HSCs were harvested for further analysis.
RNA isolation and quantitative real-time polymerase chain reaction (PCR) analysis. Total RNA was extracted from liver tissues, primary hepatocytes and HSCs with ready-to-use TRIZOL Reagent (TaKaRa).
First-strand cDNA was synthesized from 1 μg total RNA using PrimeScript ™ RT Master Mix (Takara). cDNA was quantified by qPCR using SYBR Green PCR Kit (TaKaRa) with the specific primers. Expression was normalized to beta actin. Primers used are listed in Supplementary Table 1 .
Histology, immunohistological and immunofluorescence analysis. For histopathological examination, the liver tissue sections were stained with haematoxylin-eosin (H&E). Sirius red was used to stain for collagen. Immunohistochemistry was performed using 4-5 mm paraffin-embedded thick liver sections, and observed under a photomicroscope. Immunofluorescence staining were observed under a laser scanning confocal fluorescence microscope (Carl Zeiss, Jena, Germany). Antibodies were used as follow: FOXA2 (ab108422, Abcam), α-SMA (BM0002, Boster), α-SMA (MO85129, Dako), CHOP (sc-575, Santa Cruz) and Cleaved Caspase 3 (Asp175,9664, Cell Signaling). Areas of positive stained sites were measured by using image analyses software Image-Pro Plus 6.0 (Media Cybernetics).
